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ABSTRACT 

Several hard, corrosion-resistant and neutron-absorbing iron-based amorphous alloys have 
now been developed that can be applied as thermal spray coatings. These new alloys include 
relatively high concentrations of Cr, Mo, and W for enhanced corrosion resistance, and 
substantial B to enable both glass formation and neutron absorption. The corrosion resistances of 
these novel alloys have been compared to that of several austenitic alloys in a broad range of 
synthetic brines, with and without nitrate inhibitor, at elevated temperature. Linear polarization 
and electrochemical impedance spectroscopy have been used for in situ measurement of 
corrosion rates for prolonged periods of time, while scanning electron microscopy (SEM) and 
energy dispersive analysis of X-rays (EDAX) have been used for ex situ characterization of 
samples at the end of tests. The application of these new coatings for the protection of spent 
nuclear fuel storage systems, equipment in nuclear service, steel-reinforced concrete will be 
discussed. 

INTRODUCTION 

The outstanding corrosion resistance that may be possible with amorphous metals was 
recognized several years ago [1-3]. Compositions of several Fe-based amorphous metals were 
published, including several with very good corrosion resistance. Examples included: thermally 
sprayed coatings of Fe-10Cr-10-Mo-(C,B), bulk Fe-Cr-Mo-C-B, and Fe-Cr-Mo-C-B-P [4-6]. 
The corrosion resistance of an Fe-based amorphous alloy with yttrium (Y), Fe48Mo14Cr15Y2C15B6 
was also been established [7-9]. Yttrium was added to this alloy to lower the critical cooling rate. 
Several nickel-based amorphous metals were developed that exhibit exceptional corrosion 
performance in acids, but are not considered in this study, which focuses on Fe-based amorphous 
metals. Thermal spray coatings of crystalline nickel-based alloy coatings have been deposited 
with thermal spray technology, but appear to have less corrosion resistance than comparable 
nickel-based amorphous metals [10]. Two Fe-based amorphous alloys have been found with 
exceptional corrosion resistance compared to other such Fe-based amorphous alloys, and can be 
applied as a protective thermal spray coating: SAM2X5 (Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4) 



and SAM1651 (Fe48Mo14Cr15Y2C15B6). These materials incorporate chromium (Cr), 
molybdenum (Mo) and tungsten (W) for enhanced corrosion resistance, boron (B) to enable glass 
formation and neutron absorption, and yttrium (Y) for lower critical cooling rates [11-17]. 
SAM2X5 appears have significantly better corrosion resistant than its Mo-deficient parent alloy 
(Fe52.3Cr19Mn2Mo2.5W1.7B16C4Si2.5). 

EXPERIMENTAL 

Thermal spray coatings 

The coatings discussed here were made with the high-velocity oxy-fuel (HVOF) process, 
which involves a combustion flame, and is characterized by gas and particle velocities that are 
three to four times the speed of sound (mach 3 to 4). This process is ideal for depositing metal 
and cermet coatings, which have typical bond strengths of 5,000 to 10,000 pounds per square 
inch (5-10 ksi), porosities of less than one percent (< 1%) and extreme hardness. The cooling rate 
that can be achieved in a typical thermal spray process such as HVOF are on the order of ten 
thousand Kelvin per second (104 K/s), and is high enough to enable many alloy compositions to 
be deposited above their respective critical cooling rate, thereby maintaining the vitreous state. 
However, the range of amorphous metal compositions that can be processed with HVOF is more 
restricted than those that can be produced with melt spinning, due to the differences in 
achievable cooling rates. Both kerosene and hydrogen have been investigated as fuels in the 
HVOF process used to deposit SAM2X5 and SAM1651. 

X­ray diffraction 

X-ray diffraction (XRD) measurements of SAM2X5 and SAM1651 gas atomized powders 
and HVOF coatings has been performed, verifying that both the feed powder, as well as the final 

thermal spray coatings were indeed amorphous. In general, a broad halo is observed at 2 ~ 44 
which indicates that these coatings was predominately amorphous [21-22]. In cases where very 
small sharp peaks are observed with SAM2X5, they are generally attributed to the presence of 
minor crystalline phases including Cr2B, WC, M23C6 and bcc ferrite, which are known to have a 
detrimental effect on corrosion performance. These potentially deleterious precipitates deplete 
the amorphous matrix of those alloying elements, such as chromium, responsible for enhanced 
passivity. Coatings with less residual crystalline phase have been observed. 

Salt fog testing 

Several reference samples and amorphous-metal coatings have been made and subjected to 
salt fog testing. Salt fog tests were conducted according to the standard General Motors (GM) 
salt fog test, identified as GM9540P. Figure 1 shows the condition of several samples after 
testing: (a) 1018 carbon steel reference specimens; (b) an HVOF SAM2X5 coating on Type 
316L stainless steel, (c) an HVOF SAM2X5 coating on Ni-based Alloy C-22 and (d) an HVOF 



SAM2X5 coating on half-scale spent nuclear fuel (SNF) container made of Type 316L stainless 
steel, all after 8 full cycles in GM salt fog test. Clearly, the thermal-spay coatings of SAM2X5 
have good resistance to corrosive attack in such environments. Similar testing was done with 
SAM1651 with similar positive results. 

a)  b)  c)  d)   

Figure 1. Photographs of (a) 1018 Steel, (b) SAM2X5 on 316L, (c) SAM2X5 on C-22 and (c) 
SAM2X5 on prototype spent nuclear fuel container. 

Immersion testing 

Linear polarization, weight-loss and dimensional-change measurements have been made to 
determine the rates of corrosion of SAM2X5 and SAM1651 HVOF coatings in a wide variety of 

synthetic brines including but not limited to: natural seawater at 90C; 3.5-molal NaCl solution 

at 30C and 90C; 3.5-molal NaCl and 0.525-molal KNO3 solution at 90C; SDW (simulated 

dilute water) at 90C; SCW (simulated concentrated water) at 90C; and SAW (simulated acidic 

water) at 90C. Data for testing in heated seawater and sodium chloride brines, with and without 
nitrate inhibitor are reported here.  

In regard to the SAM2X5 coating, the worst corrosive attack occurred in 3.5m NaCl without 

nitrate inhibitor at 90C. The corrosive attack of coated rods and plates is shown in Figures 2 and 
3, respectively. The addition of nitrate was observed to be very effective in mitigating corrosive 
attack of the SAM2X5 coating in these near-boiling brines. 

The optimized SAM1651 coating experienced less corrosion in these aggressive 
environments than the SAM2X5, as shown in Figures 4 and 5. The corrosion performance 
demonstrated by this amorphous metal coating appears to be outstanding. As shown in Figure 6, 
in the case of near-boiling seawater, virtually all corrosion spots could be prevented through the 
use of an inorganic sealant with the thermal spray coating. The demonstrated performance is 
comparable to, or better than that of Fe- and Ni-based austenitic steels. 

Relative corrosion rates based upon linear polarization measurements of SAM2X5 and 

SAM1651 are respectively: (a) 5-7 and 4-5 m/yr in natural seawater at 90C; (b) 71-116 and 4-

5 m/yr in 3.5-molal NaCl solution at 90C; and (c) 2 and 6 m/yr in 3.5-molal NaCl with 

0.525-molal KNO3 solution at 90C. The corrosion rate for SAM1651 in the 3.5-molal NaCl 
solution was far less than that for SAM2X5, which is consistent with the discussion of Figures 2 
through 6. Figure 7 shows that corrosion, when it does occur, does not penetrate to the substrate. 



a)  b)  c)  

Figure 2. Examples of corrosive attack of optimized HVOF SAM2X5 coatings on rods used for 
linear polarization and electrochemical impedance spectroscopy after several months in (a) 
natural seawater 90ºC, (b) 3.5m NaCl at 90ºC, and (c) 3.5m NaCl + 0.525m KNO3 90ºC. 

a)  b)  c)  

Figure 3. Examples of corrosive attack of optimized HVOF SAM2X5 coatings on flat plates 
after several months in (a) natural seawater at 90ºC, (b) 3.5m NaCl at 90ºC, and (c) 3.5m NaCl + 
0.525m KNO3 90ºC. Near boiling seawater proved to be the most aggressive aqueous 
environment of those tested. 

a)  b)  c)  

Figure 4. Examples of corrosive attack of optimized HVOF SAM1651 coatings on rods used for 
linear polarization and electrochemical impedance spectroscopy after several months in (a) 
natural seawater 90ºC, (b) 3.5m NaCl at 90ºC, and (c) 3.5m NaCl + 0.525m KNO3 90ºC. 

a)  b)  c)  

Figure 5. Examples of corrosive attack of optimized HVOF SAM1651 coatings on flat plates 
after several months in (a) natural seawater at 90ºC, (b) 3.5m NaCl at 90ºC, and (c) 3.5m NaCl + 
0.525m KNO3 90ºC. Near boiling seawater proved to be the most aggressive aqueous 
environment of those tested. 

 



a)  b)  

Figure 6. Benefits of using inorganic sealant with optimized HVOF SAM1651 coatings on flat 
plates after several months in natural seawater at 90ºC (a) without sealant and (b) with sealant. 

a)  b)  

Figure 7. Un-Optimized SAM1651 Coating After Approximately Four Months in 90°C Natural 
Seawater: (a) Back-Scattered Electron Image – BEI and (b) Secondary Electron Image – SEI.  

CONCLUSIONS 

Early Fe-based amorphous metal coatings had very poor corrosion resistance and failed salt-
fog tests. The HPCRM Program has developed new Fe-based amorphous-metal alloys with good 
corrosion resistance, high hardness, and exceptional absorption cross-sections for thermal 
neutrons. More than forty high-performance Fe-based amorphous alloys were systematically 
designed and synthesized. Cr, Mo and W were added to enhance corrosion resistance; Y was 
added to lower the critical cooling rate; and B was added to render the alloy amorphous and to 
enhance capture thermal neutrons. Enriched boron could be used for the further enhancement of 
the absorption of thermal neutrons. The most profound observations are that the optimized 
SAM1651 HVOF coating is far more corrosion resistant than the SAM2X5 coating in the most 
aggressive environment, 3.5 molal NaCl solution without nitrate inhibitor, and that the nitrate 
anion suppresses corrosive attack of the SAM2X5 coating in concentrated chloride solutions. 
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